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doi:10.1016/j.kjms.2011.05.009Abstract It was estimated that, nearly 100 million people are at risk for drinking arsenic (As)-
contaminated drinking water. Although the WHO guideline recommends that levels of As in
drinking water should not exceed 10 mm/L, it was estimated that more than 30 million people
drink As-containing water at levels more than 50 mm/L in Bangladesh and India alone. There-
fore, the adverse health effects resulting from chronic As exposure pose a global threat. In
Taiwan, studies focusing on the health effects resulting from chronic As exposure through
contaminated drinking water have been ongoing for more than 50 years. During the past half
century, it was recognized that the impact of high As exposure on human health is much more
complicated than originally anticipated. Chronic As exposure resulted in infamous blackfoot
disease, which is unique to As endemic areas in Taiwan, and various diseases including cancers
and non-cancers. Although the potential-biological outcomes have been well-documented, the
pathomechanisms leading from As exposure to occurrence and development of the diseases
remain largely unclear. One of the major obstacles that hindered further understanding
regarding the adverse health effect resulting from chronic As exposure is documentation of
cumulative As exposure from the distant past, which remains difficult as the present technol-
ogies mostly document relatively recent As exposure. Furthermore, the susceptibility to As
exposure appears to differ between different ethnic groups and individuals and is modified
by lifestyle factors including smoking habits and nutrition status. No consensus data has yet
been reached even after comparing the study results obtained from different parts of the
world focusing on associations between human As toxicity and genetic polymorphisms in terms
of cellular detoxification enzymes, tumor suppressor proteins, and DNA repair pathway. WithExcellence for Environmental Medicine, Kaohsiung Medical University, 100 Shih-Chuan 1st Road,
(Y.-C. Ko).
vier Taiwan LLC. All rights reserved.
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color in this figure legend, the readthe availability of the new powerful “OMIC” technologies, it may now be possible to gain new
path-breaking insights regarding this important environmental health issue. The lessons
learned from the past half-century placed Taiwan in an experienced position to actively partic-
ipate in the international collaborative projects using these novel technologies and standard-
ized methods.
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Arsenic (As) is among the most toxic metals (metalloids)
derived from the earth’s crust [1]. Although organic As is
non-toxic, inorganic As is ubiquitously found in the envi-
ronment and has been classified as a Class I carcinogen
according to the International Agency for Research on
Cancer [1]. Arsenic occurs in two oxidative forms including
the trivalent arsenite (AsIII) and the pentavalent arsenate
(AsV) states, with arsenite being much more toxic than the
arsenate [2]. As early as 1879, inorganic As was proposed to
be responsible for causing the high rates of lung cancer
among the German miners by means of inhalation route [3].
Subsequently, studies from different parts of the world
found associations between As exposure and internal
cancers by means of inhalation or ingestion [3e7].
Of the various sources of As in the environment, drinking
water probably poses the greatest threat to human health
[8]. Drinking water is derived from a variety of sources
including surface water (rivers, lakes, reservoirs, and
ponds), rain water, and groundwater. Alongside the obvious
point sources of As contamination, high concentrations are
mainly found in groundwater. Consequently, human beings
who rely on groundwater supplies were at risk for inad-
vertent As exposure. In fact, groundwater obtained from
Bangladesh, India (West Bengal), China (Inner Mongolia),
parts of the United States (California, Nevada, Alaska, andution of arsenic (As) exposure
ater. It was estimated that m
d India alone (in red circle). Tai
ic As exposure. (Modified from G
er is referred to the web versioUtah), smaller areas of Argentina, Australia, Chile, Mexico,
Viet Nam, and Taiwan (mostly Southwest coast) has been
shown to contain high levels of As (Fig. 1) [9]. It was esti-
mated that nearly to 100 million people are at risk of
drinking As-contaminated drinking water [10,11]. Although
the WHO guideline recommends that levels of As in drinking
water should not exceed 10 mg/L, it was estimated that
more than 30 million people drink As-containing water at
levels more than 50 mg/L in Bangladesh and India alone [1].
Therefore, the adverse health effects resulting from
chronic As exposure pose a global threat. This review
focused on the lessons learned from the studies done on
chronic As exposure in Taiwan.As exposure by means of groundwater
in Taiwan
The native residents in certain areas located at the south-
west coast of Taiwan have been using artesian well water
containing high concentrations of As since the early 1900s
[12]. In these endemic areas, the high As-containing water
was not only used for drinking, but also for washing and
agricultural/fishery purpose. Therefore, the agricultural
and fishery products from these areas have also been
reported to contain high levels of As [13]. Furthermore, the
soil samples obtained from these areas also containedfrom drinking water. As much as 100 million people may be
ore than 30 million people drink As-containing water at levels
wan has more than 50 years of research experiences on adverse
arelick and Jones [9]). For interpretation of the references to
n of this article.
Chronic arsenic exposure in Taiwan 413elevated As levels. Therefore, it was estimated that during
the 1950s, the daily As ingestion by the residents living in
these endemic areas might be as high as 1 mg [14]. Series of
epidemiologic studies have been performed to document
the adverse health effects inflicted by chronic As exposure
on these inhabitants.Adverse health effects related to chronic
As exposure
One of the adverse conditions related to chronic As expo-
sure bared on earlier reports in Taiwan is the infamous
blackfoot disease. Because blackfoot disease is unique to
the As endemic areas in Taiwan, the contribution of As in
the pathogenetic process of this disease remains to be
determined. Patients with this blackfoot experienced
symptoms starting with numbness or coldness of the
extremities that progressed to intermittent claudication
and ultimately resulted in black discoloration, ulceration,
and gangrene [15]. The pathomechanisms resulting in
blackfoot disease are not clear, but high concentrations of
As and/or humic substances ingestion in addition to indi-
vidual susceptibility to produce anti-endothelial cell anti-
body are believed to play important roles [16].
Subsequently, the population of the blackfoot disease
endemic area were shown to have significantly elevated
incidences of skin cancers (1.06 of 1,000) and the ageesex
adjusted odds ratios of developing bladder, lung, and liver
cancers for those who had used artesian well water for 40
or more years were 3.90, 3.39, 2.67, respectively, as
compared with those who had never drank from the arte-
sian well [5,17]. Additional studies revealed that the years
of artesian well water used and the well water As levels had
dose-response relationships with the occurrences of
internal cancers. More specifically, it was shown that the
age-adjusted mortality per 100,000 person-years for every
0.1 ppm increase in As level of well water was 6.8 and 2.0,
5.3 and 5.3, 0.9 and 1.0, 3.9 and 4.2, and 1.1 and 1.7,
respectively, in males and females for cancers of the liver,
lung, skin, bladder and kidney [18,19]. These results
corroborated with studies from different parts of the world
including certain areas in Argentina, India, and Japan,
where high As levels in drinking water were associated with
increased bladder and lung cancers [20e22]. Other than the
increased cancer risks, residents of As endemic areas also
demonstrated elevated prevalence of non-cancer risks.
Theoretically, As can cause increased lipid peroxidation,
which is related to the development of many chronic
diseases [23]. In fact, it was found that the residents of the
As endemic areas showed greater mortality rates in terms
of diabetes mellitus, ischemic heart disease, bronchitis,
liver cirrhosis, nephropathy, and cerebrovascular diseases
[24]. Therefore, it is likely that the chronic exposure to high
levels of As has a global adverse effect on human health. At
present, no specific preventive treatment is available for
the population who had already been exposed to drinking
water containing high levels of As. In Taiwan, the govern-
ment had recognized the problem with drinking water
obtained from the artesian well in the blackfoot endemic
areas and started to replace ground water with tap-water
supply since the mid 1950s. This water sourcereplacement program has significantly decreased the
mortality incidence of As-related cancers reported from
blackfoot endemic communities [25].
Detection of individual As exposure
To clarify the mechanisms involved in As-related adverse
health effects, it is important to evaluate the dose-
response relationship between As exposure and the occur-
rences of associated illness at individual levels. Most of the
earlier studies investigating this issue used ecological
correlations on the associations between As exposure and
adverse health effects at township or village levels, which
provided insightful results for epidemiologic purposes
[19,26]. The individual susceptibility to different concen-
trations of As, however, remains unclear with this simple
and convenient approach. In other words, it is not possible
to accurately identify which individual among the high As-
exposed group will develop certain adverse health condi-
tions. Therefore, to establish an unequivocal dose-response
relationship for every individual exposed to chronic As
ingestion, it is important to trace the As exposure at
personal levels. To accomplish this task, understanding of
As metabolism in human body is crucial. Accordingly, after
entering the human body, inorganic As was distributed
mostly to liver, kidneys, spleen, lungs, intestines, and skin
[27e29]. Subsequently, AsV is reduced to AsIII and methyl-
ated to monomethylarsonous acid and dimethylarsinic acid,
which are less toxic as compared with inorganic As.
Therefore, methylation of inorganic As in liver is considered
an important detoxication process for the human body.
Other factors that play an important role in As methylation
capacity include dose, routes and forms of As exposure, life
style, and genetic polymorphism [30]. The metabolic
pathway of As in human body is shown in Fig. 2. The most
common method for documentation of individual As expo-
sure is through urine sample analysis. However, as the
urinary levels of inorganic As metabolites reflected only the
recent exposure, it is difficult to assess how cumulative As
levels in the human body contribute to the occurrences of
adverse health effects associated with previous As expo-
sure. Other samples used for estimation of As exposure
include toenails, hair, and blood, but none of these markers
evaluate As methylation. Furthermore, the water source
replacement by the authorities to prevent further public
health hazards induced by As-containing drinking water also
made mechanistic retrospective studies difficult if the
assay for documenting cumulative As exposure remains
elusive.
Evaluation of individual susceptibility
As mentioned previously, the ground water from different
parts of the world has been documented to contain high
levels of As. Nevertheless, studies on the population from
different parts of the world exposed to drinking water with
comparable As levels showed varying individual suscepti-
bilities to As-related adverse health effects. Studies have
been shown that life style factors, including smoking habits
and nutritional status, also contributed to the occurrences
of As-related adverse health events [31,32]. Furthermore,
AsV AsIII MMA(V) MMA(III) DMA(V)
Arsenate 
Reductase
AsIII 
Methyltransferase
(Primary
arsenic methylation)
(Secondary
arsenic methylation)
Blood Liver (Phase II)
Urine, hair, nail, 
blood…(Metabolites)
MMA (10-20%)
Inorganic As (10-20%)
DMA (60-80%)
Figure 2. The metabolic pathway of arsenic in human body. It should be noted that the samples used for estimation of arsenic
exposure include urine, nails, hair, and blood. At present, only relatively recent exposures can be documented. AsIII: trivalent
arsenite, AsVZ pentavalent arsenate, DMAZ dimethylarsinic acid, MMAZ methylated to monomethylarsonous acid.
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a minor percentage developed hallmark skin lesions asso-
ciated with chronic As ingestion. It has been observed that
the impact of high As exposure on human health varies
remarkably between individuals exposed to similar levels of
As [33e37]. Therefore, the genomic variation among the
exposed population may provide a reasonable explanation
accounting for the differential susceptibility between
individuals. In fact, many studies from different parts of
the world (including Taiwan) have focused on associations
between human As toxicity and genetic polymorphisms in
terms of cellular detoxification enzymes, tumor suppressor
proteins, and DNA repair pathway but failed to provide
a consensus data [37]. It was proposed that population
differences (ethnic background) must be considered andArsenic exposure 
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Figure 3. The intertwined interactions of chronic arsenic ex
assessment, and disease management exemplified the complicate
and health research. Interactions between environmental exposu
environment-related health issue. To understand the pathogenesis
accurately assess and document the levels of environmental expo
evolution will lead to better strategies for managing the complexlarger sample sizes must be recruited to generate a viable
hypothesis concerning chronic As toxicity through the tox-
icogenomic approach just described.On the horizon
In Taiwan, the studies focusing on health effect resulting
from chronic As exposure have been ongoing for more than
half a century. Our experiences on As-related health
problems can serve as a paradigm for managing this
emerging global threat now occurring at earlier stages in
different parts of the world. For instance, it was revealed
that the pre-cancerous skin lesions started to develop
within 10 years, invasive skin cancer after 20e30 years, andtcome 
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d situation frequently encountered in environmental medicine
re and the individual susceptibility represent the core of the
of disease outcome resulting from the core, it is important to
sure. Clarification of the pathomechanisms involved in disease
problems involved in environmental health issues.
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[7]. Therefore, As-induced skin lesions may be considered
as a long-term biomarker of As exposure [38]. Furthermore,
because of the adverse health effects associated with
chronic As exposure occurred in a sequential manner, from
pre-cancerous lesions to malignant neoplasms, proper
preventive measures should be implanted when the
“warning signals” (i.e. characteristic As-related skin
lesions) start to appear. The experiences gained in Taiwan
indicated that water source replacement can successfully
lead to reducing the mortality associated chronic As expo-
sure [25]. However, there are still many important and
unanswered questions. Because the pathomechanisms for
different As-associated adverse health effects remained
unclear, effective and validated chemopreventive strate-
gies have yet to evolve. This situation is frequently
encountered in the environmental medicine and health
research where the exposure, individual susceptibility,
disease outcome, exposure assessment, and disease
management intertwine in a complicated and sophisticated
manner (Fig. 3). With the advent of OMIC technologies, new
breakthroughs may be on the horizon. The OMICS field
ranges from genomics to proteomics and metabolomics.
These validated technologies will allow for functional
evaluation of the phenotype (proteomics and metab-
olomics) in addition to more conventional genetic variants.
The present aim is to integrate these new technologies into
our studies focusing on health effects resulting from
chronic As exposure in Taiwan. Moreover, since previous
experiences through toxicogenomic approach have already
emphasized the importance of large sample size and stan-
dardized methods for evaluation and documentation
regarding the levels of As exposure, a large-scale interna-
tional collaborative work is required to gain path-breaking
insights on adverse effects of As on human health.
Although some may argue that the water source replace-
ment is the panacea for chronic As exposure from drinking
water, more than 50 years of research experiences on As in
Taiwan may serve as a paradigm to elucidate other impor-
tant environmental health issues around the globe.References
[1] IARC. Monographs on the evaluation of carcinogenic risks to
humans. Lyon: International Agency for Research on Cancer;
2004.
[2] Kosnett MJ. Arsenic. In: Oloson KK, editor. Poisoning and Drug
Overdose. Norwalk: Appleton and Lange; 1994. p. 87e9.
[3] Bates MN, Smith AH, Hopenhayn-Rich C. Arsenic ingestion and
internal cancers: a review. Am J Epidemiol 1992;135:462e76.
[4] Enterline PE, Day R, Marsh GM. Cancers related to exposure to
arsenic at a copper smelter. Occup Environ Med 1995;52:
28e32.
[5] Chen CJ, Chuang YC, Lin TM, Wu HY. Malignant neoplasms
among residents of a blackfoot disease-endemic area in
Taiwan: high-arsenic artesian well water and cancers. Cancer
Res 1985;45:5895e9.
[6] Bulbulyan MA, Jourenkova NJ, Boffetta P, Astashevsky SV,
Mukeria AF, Zaridze DG. Mortality in a cohort of Russian
fertilizer workers. Scand J Work Environ Health 1996;22:
27e33.
[7] Yu HS, Liao WT, Chai CY. Arsenic carcinogenesis in the skin.
J Biomed Sci 2006;13:657e66.[8] Smedley PL, Kinniburgh DG. Sources and behaviour of arsenic
in natural water. Chapter 1. In: United Nations synthesis
report on arsenic in drinking water. Geneva: World Health
Organization; 2001. (http://www.who.int/entity/water_
sanitation_health/dwq/arsenicun1.pdf).
[9] Garelick H, Jones H. Mitigating arsenic pollution: bridging the
gap between knowledge and practice. Chem Int 2008;30:
7e12.
[10] World Health Organization. United Nations synthesis report on
arsenic in drinking water. Geneva: World Health Organization;
2001. (http://www.who.int/water_sanitation_health/dwq/
arsenic3/en/).
[11] Chowdhury MAI, Uddin MT, Ahmed MF, Ali MA, Uddin SM. How
does arsenic contamination of groundwater causes severity
and health hazard in Bangladesh. J Appl Sci 2006;6:1275e86.
[12] Wu HY, Chen KP, Tseug WP, Hsu CL. Epidemiologic studies on
blackfoot disease. Prevalence and incidence of the disease
by age, sex, year, occupation and geographic distribution.
Taipei: Mem Coll Med Natl Taiwan Univ 1961;7:33e50.
[13] Lo MC. The arsenic content of farm products and fish in areas
where high asenic well water was sued for agriculture and
pisciculture. In: Blackfoot Disease, vol 6. Taichung: Taiwan
Provincial Department of Health; 1978. p. 28e46.
[14] Blackwell RQ.Estimatedtotalarsenic ingestedby residents inthe
endemic blackfoot area. J Formos Med Assoc 1961;60:1143e4.
[15] Tseng WP, Chen WY, Sung JL. A clinical study of blackfoot
disease in Taiwan, an endemic peripheral vascular disease.
Taipei: Mem Coll Med Natl Taiwan Univ 1961;7:1e18.
[16] Yu HS, Chang KL, Kao YH, Yu CL, Chen GS, Chang CH, et al. In
vitro cytotoxicity of IgG antibodies on vascular endothelial
cells from patients with endemic peripheral vascular disease
in Taiwan. Atherosclerosis 1998;137:141e7.
[17] Tseng WP, Chu HM, How SW, Fong JM, Lin CS, Yeh S. Preva-
lence of skin cancer in an endemic area of chronic arsenism in
Taiwan. J Natl Cancer Inst 1968;40:453e63.
[18] Chen CJ, Chuang YC, You SL, Lin TM, Wu HY. A retrospective
study on malignant neoplasms of bladder, lung and liver in
blackfoot disease endemic area in Taiwan. Br J Cancer 1986;
53:399e405.
[19] Chen CJ, Wang CJ. Ecological correlation between arsenic
level in well water and age-adjusted mortality from malignant
neoplasms. Cancer Res 1990;50:5470e4.
[20] Hopenhayn-Rich C, Biggs ML, Fuchs A, Bergoglio R, Tello EE,
Nicolli H, et al. Bladder cancermortality associatedwith arsenic
in drinking water in Argentina. Epidemiology 1996;7:117e24.
[21] Das D, Chatterjee A, Mandal BK, Samanta G, Chakraborti D,
Chanda B. Arsenic in ground water in six districts of West
Bengal, India: the biggest arsenic calamity in the world. Part
2. Arsenic concentration in drinking water, hair, nails, urine,
skin-scale and liver tissue (biopsy) of the affected people.
Analyst 1995;120:917e24.
[22] Tsuda T, Babazono A, Yamamoto E, Kurumatani N, Mino Y,
Ogawa T, et al. Ingested arsenic and internal cancer:
a historical cohort study followed for 33 years. Am J Epidemiol
1995;141:198e209.
[23] Ramos O, Carrizales L, Yanez L, Mejia J, Batres L, Ortiz D,
et al. Arsenic increased lipid peroxidation in rat tissues by
a mechanism independent of glutathione levels. Environ
Health Perspect 1995;103:85e8.
[24] Tsai SM, Wang TN, Ko YC. Mortality for certain diseases in
areas with high levels of arsenic in drinking water. Arch
Environ Health 1999;54:186e93.
[25] Tsai SM, Wang TN, Ko YC. Cancer mortality trends in a black-
foot disease endemic community of Taiwan following water
source replacement. J Toxicol Environ Health A 1998;55:
389e404.
[26] Wu MM, Kuo TL, Hwang YH, Chen CJ. Dose-response relation
between arsenic concentration in well water and mortality
416 C.-C. Lan et al.from cancers and vascular diseases. Am J Epidemiol 1989;130:
1123e32.
[27] Hsueh YM, Huang YL, Huang CC, Wu WL, Chen HM, Yang MH,
et al. Urinary levels of inorganic and organic arsenic metab-
olites among residents in an arseniasisehyperendemic area in
Taiwan. J Toxicol Environ Health 1998;A 54:431e44.
[28] Yamato N. Concentrations and chemical species of arsenic in
human urine and hair. Bull Environ Contam Toxicol 1988;40:
633e40.
[29] Yamauch H, Fowler BA. Toxicity and metabolism of inorganic
and methylated arsenicals. In: Nriagu JQ, editor. Part II.
Human health and ecosystem effects. Arsenic in the envi-
ronment. New York: John Wiley; 1994. p. 35e53.
[30] Chen YC, Su HJ, Guo YL, Hsueh YM, Smith TJ, Ryan LM, et al.
Arsenic methylation and bladder cancer risk in Taiwan. Cancer
Causes Control 2003;14:303e10.
[31] Hsueh YM, Cheng GS, Wu MM, Yu HS, Kuo TL, Chen CJ. Multiple
risk factors associated with arsenic-induced skin cancer:
effects of chronic liver disease and malnutritional status. Br
J Cancer 1995;71:109e14.
[32] Melkonian S, Argos M, Pierce BL, Chen Y, Islam T, Ahmed A,
et al. A prospective study of the synergistic effects of arsenic
exposure and smoking, sun exposure, fertilizer use, andpesticide use on risk of premalignant skin lesions in Bangla-
deshi men. Am J Epidemiol 2011;173:183e91.
[33] Basu A, Mahata J, Gupta S, Giri AK. Genetic toxicology of
a paradoxical human carcinogen, arsenic: a review. Mutat Res
2001;488:171e94.
[34] Vahter M. Methylation of inorganic arsenic in different
mammalian species and population groups. Sci Prog 1999;82:
69e88.
[35] Abernathy CO, Liu YP, Longfellow D, Aposhian HV, Beck B,
Fowler B, et al. Arsenic: health effects, mechanisms of
actions, and research issues. Environ Health Perspect 1999;
107:593e7.
[36] Hopenhayn-Rich C, Browning SR, Hertz-Picciotto I,
Ferreccio C, Peralta C, Gibb H. Chronic arsenic exposure and
risk of infant mortality in two areas of Chile. Environ Health
Perspect 2000;108:667e73.
[37] Ghosh P, Banerjee M, Giri AK, Ray K. Toxicogenomics of
arsenic: classical ideas and recent advances. Mutat Res. 2008;
659:293e301.
[38] Chen CJ, Hsu LI, Wang CH, Shih WL, Hsu YH, Tseng MP, et al.
Biomarkers of exposure, effect, and susceptibility of arsenic-
induced health hazards in Taiwan. Toxicol Appl Pharmacol
2005;206:198e206.
